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PREFACE 
Water r e s o u r c e  sys tems have been an i m p o r t a n t  p a r t  o f  
r e s o u r c e s  and environment  r e l a t e d  r e s e a r c h  a t  IIASA s i n c e  i t s  
i n c e p t i o n .  A s  demands f o r  wa te r  i n c r e a s e  r e l a t i v e  t o  s u p p l y ,  
t h e  i n t e n s i t y  and e f f i c i e n c y  o f  w a t e r  r e s o u r c e s  management must 
be developed f u r t h e r .  Th i s  i n  t u r n  r e q u i r e s  an i n c r e a s e  i n  t h e  
d e g r e e  o f  d e t a i l  and s o p h i s t i c a t i o n  of  t h e  a n a l y s i s  i n c l u d i n g  
economic, s o c i a l ,  and env i ronmenta l  e v a l u a t i o n  o f  w a t e r  
r e s o u r c e s  development  a l t e r n a t i v e s  a i d e d  by a p p l i c a t i o n  o f  
mathemat ica l  modeling t e c h n i q u e s ,  t o  g e n e r a t e  i n p u t s  f o r  
p l a n n i n g ,  d e s i g n ,  and o p e r a t i o n a l  d e c i s i o n s .  
Th i s  paper  i s  p a r t  o f  compara t ive  s t u d i e s  on  o p e r a t i o n a l  
dec is ionmaking i n  t h e  m u l t i p l e  r e s e r v o i r  w a t e r  r e s o u r c e  sys tems 
i n i t i a t e d  i n  1979 by "Reg iona l  Water Management" Research Task 
o f  t h e  Resources and Environment o f  IIASA. 
Much r e s e a r c h  h a s  been done world-wide on t h e  o p e r a t i o n  o f  
r e s e r v o i r  sys tems i n  t h e  moderate c l i m a t i c  c o n d i t i o n s .  T h i s  
paper  i s  concerned w i t h  t h e  o p e r a t i o n  o f  a  r e s e r v o i r  s u p p l y i n g  
w a t e r  t o  an i r r i g a t i o n  sys tem l o c a t e d  i n  t h e  a r i d  zone. A se t  
o f  mathemat ica l  models and computer programs was developed t o  
de te rmine  t h e  optimum o p e r a t i o n  r u l e  f o r  a  s t o r a g e / i r r i g a t i o n  
system. 
The r e s e a r c h  p r e s e n t e d  i n  t h i s  p a p e r  h a s  been c a r r i e d  o u t  
by t h e  Author a t  IIASA w i t h i n  t h e  framework o f  t h e  1979 Young 
S c i e n t i s t s  Summer Program. 
Janusz  K i n d l e r  
Task Leader  
Regional  Water Management 
ABSTRACT 
A model i s  d e v e l o p e d  f o r  t h e  o p t i m a l  o p e r a t i o n  o f  t h e  
r e l e a s e s  f rom a  r e s e r v o i r  which a r e  u sed  t o  i r r i g a t e  a n  a r e a  
i n  a n  a r i d  env i ronmen t .  The o p e r a t i o n  i s  b a s e d  o n  a  f o r e c a s t  
t e c h n i q u e .  The f o r e c a s t  c o n s i s t s  o f  e x p e c t e d  v a l u e s  b a s e d  o n  
t h e  a p p l i c a t i o n  o f  Dynamic Programming Techn ique  a s  w e l l  a s  on  
t h e  u s e  o f  g e n e r a t e d  i n f l o w s .  The g e n e r a t i o n  model f o r  r i v e r s  
i n  a r i d  a r e a s  c o n s i s t s  o f  t h r e e  components.  The f i r s t  d e t e r m i n e s  
i f  t h e  f o l l o w i n g  y e a r  w i l l  be d r y  o r  w e t .  The second  g e n e r a t e s  
a  s equence  o f  d a y s  i n  which  a  f l o w  may o c c u r ,  a n d  t h e  t h i r d  c a l -  
c u l a t e s  t h e  magn i tude  o f  s u c h  a  f l ow.  The t h i r d  component de- 
pends d i r e c t l y  on t h e  f i r s t .  The o p t i m i z a t i o n  problem h a s  two 
s t a t e  v a r i a b l e s  and  o n e  d e c i s i o n  v a r i a b l e ,  and  i s  s o l v e d  by 
Dynamic Programming. The s t a t e  v a r i a b l e s  a r e  t h e  r e s e r v o i r  
c o n t e n t  and  t h e  s o i l  m o i s t u r e  o f  t h e  i r r i g a t i o n  a r e a .  The d e c i -  
s i o n  v a r i a b l e  i s  t h a t  q u a n t i t y  o f  w a t e r  which s h o u l d  b e  a p p l i e d  
t o  i r r i g a t i o n .  Because  o f  t h e  r a p i d l y  c h a n g i n g  i n f l o w  p r o c e s s  
t h e  model h a s  t o  p r o v i d e  " a d e q u a t e "  r e p r e s e n t a t i o n  o f  t h e  evap-  
o r a t i o n  l o s s e s  which  a r e  c a l c u l a t e d  o n  a  d a i l y  b a s i s .  The op- 
t i m a l  s c h e d u l i n g  p r o c e s s  i s  n o n - s t a t i o n a r y  b e c a u s e  o f  t h e  
c o n t i n u i n g  r e s e r v o i r  s e d i m e n t a t i o n  which g r a d u a l l y  d e c r e a s e s  
t h e  r e s e r v o i r  volume. 
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INTRODUCTION 
I n  t h e  Near -Eas t  c o u n t r y  a  g r o u p  o f  s i n g l e  s t o r a g e  reser- 
v o i r s  s h a l l  be  b u i l t .  The i n f l o w s  i n  t h e  r e s e r v o i r s  a r e  p roduced  
by i r r e g u l a r  r a i n s t o r m s  i n  a  mounta in  r e g i o n .  But  t h e r e  i s  no 
c o n t r i b u t i o n  by p r e c i p i t a t i o n  t o  t h e  i r r i g a t e d  a r e a  i n  t h e  
c o a s t a l  p l a i n  downst reams ( a n n u a l  p r e c i p i t a t i o n  less t h a n  100 mrn). 
The p u r p o s e  o f  t h i s  p a p e r  i s  t o  d e v e l o p  a  set  o f  models  which 
p e r m i t  t o  d e t e r m i n e  t h e  o p t i m a l  o p e r a t i o n  r u l e  o f  s u c h  a  reser- 
v o i r .  The o p t i m a l  o p e r a t i o n  o f  a  r e s e r v o i r ,  which  i s  used  t o  
i r r i g a t e  an  a r e a  i n  a n  a r i d  o r  s e m i - a r i d  r e g i o n  i s  a s  o p t i m a l  
a s  t h e  f o r e c a s t s  a r e .  Because  o f  t h e  i r r e g u l a r  i n f l o w  p r o c e s s  
t o  a  r e s e r v o i r ,  t h e  f o r e c a s t  c o n s i s t s  o f  e x p e c t e d  v a l u e s  b a s e d  
on t h e  a p p l i c a t i o n  o f  an  o p t i m i z a t i o n  t e c h n i q u e ,  on t h e  u s e  o f  
g e n e r a t e d  i n f l o w s  ( o n l y  f o u r  y e a r s  o f  measured d a t a  a r e  a v a i l -  
a b l e )  and  on  t h e  s i z e  o f  t h e  a r e a  t o  b e  i r r i g a t e d .  A t  t h e  beg in -  
n i n g  o f  a  g rowing  p e r i o d ,  t h e  a r e a  t o  be  p l a n t e d  h a s  t o  be  de-  
c i d e d .  I f  e i t h e r  t h e  whole  d e v e l o p e d  a r e a  s h o u l d  be p l a n t e d  o r  
o n l y  a  s m a l l e r  p a r t ,  depends  on  t h e  l o c a l  c o n d i t i o n s .  The whole  
a r e a  t o  b e  d e v e l o p e d  may b e  d e t e r m i n e d  by t h e  p roposed  model o f  
P l a t e  and T r e i b e r  ( 1 9 7 9 ) .  Once t h e  a r e a  t o  be  p l a n t e d  h a s  been  
d e c i d e d ,  t h e  i n i t i a l  s t o r a g e  c o n t e n t  t o g e t h e r  w i t h  t h e  f u t u r e  
i n f l o w  h a s  t o  be  a l l o c a t e d ,  s o  t h a t  a t  l e a s t  no c r o p  f a i l u r e  
s h o u l d  o c c u r .  ( T h a t  means no a r e a  s h o u l d  be  abandoned . )  
The main c o n c e p t s  o f  t h e  s i m u l a t i o n  model i s  g i v e n  i n  t h e  
above  r e f e r e n c e .  T h e r e f o r e ,  o n l y  a  b r i e f  r e p e t i t i o n  w i l l  b e  
g i v e n .  However, t h e  d e r i v a t i o n  o f  t h e  f o r e c a s t i n g  model w i l l  
b e  d e s c r i b e d  i n  d e t a i l .  The h y d r o l o g i c  s i m u l a t i o n  model i n c l u d i n g  
a l l  t h e  submodels  a r e  s c h e m a t i c a l l y  g i v e n  below.  I t  i s  t h e  model 
o f  a  s i n g l e  p u r p o s e  r e s e r v o i r  whose i n p u t  i s  a  m i x t u r e  o f  w a t e r  
and s e d i m e n t .  The w a t e r  i s  s t o r e d  i n ,  o r  r e l e a s e d  f rom t h e  
r e s e r v o i r  a c c o r d i n g  t o  demand, water a v a i l a b i l i t y ,  and  f o r e c a s t .  
Because o f  t h e  g r a d u a l  f i l l i n g  up o f  t h e  r e s e r v o i r  as a r e s u l t  
o f  t h e  c o n t i n u o u s  s e d i m e n t  d e p o s i t ,  t h e  p r o c e s s  o f  r e s e r v o i r  
o p e r a t i o n  i s  a  n o n - s t a t i o n a r y  one.  The model as a  whole  c o n s i s t s  
of t h r e e  main p a r t s :  
1 .  I n p u t  Model 
1 . 1  G e n e r a t i o n  model o f  d a i l y  d i s c h a r g e s  
1 .2  R a t i n g  c u r v e  f o r  s ed imen t  d e p o s i t  
2. R e s e r v o i r  
2 .1  E v a p o r a t i o n  model 
2.2 S t a g e - a r e a  and s tage-volume c u r v e s  f o r  t h e  r e s e r v o i r  
3. The O p e r a t i o n  Rule  
3.1 De te rmin ing  t h e  i r r i g a t i o n  a r e a  
3.2 F o r e c a s t  o f  t h e  r e s e r v o i r  c o n t e n t s ,  b a s e d  o n  t h e  
a p p l i c a t i o n  o f  a  dynamic programming t e c h n i q u e ,  t h e  
u s e  o f  g e n e r a t e d  d a i l y  d i s c h a r g e s  and t h e  u s e  o f  a  
m u l t i p l e  r e g r e s s i o n  a n a l y s i s  f o r  t h e  r e s u l t s  o f  t h e  
o p t i m i z a t i o n  model to  d e t e r m i n e  t h e  o p e r a t i o n  r u l e .  
THE RESERVOIR MODEL 
The r e s e r v o i r  o p e r a t i o n  i s  b a s e d  on  t h e  f o l l o w i n g  e q u a t i o n s :  
C o n t i n u i t y  E q u a t i o n  ( d a i l y  b a s i s )  
- - Q o u t i  
where 
'i = volume o f  w a t e r  i n  t h e  r e s e r v o i r  on  day  i (cbm);  
Q i n i  = f l o w  volume f l o w i n g  i n t o  r e s e r v o i r  d u r i n g  day  
i ( c b m ) ;  
Q o u t i  = f l o w  volume r e l e a s e d  f rom r e s e r v o i r  d u r i n g  day  
i (cbm) ; 
Ei = volume l o s t  due  t o  e v a p o r a t i o n  d u r i n g  day  i (cbrn) 
c a l c u l a t e d  by t h e  Penman method (1948)  and by u s e  
o f  t h e  s t a g e - a r e a  and  s tage-volume c u r v e s ;  
S p i l l i =  s p i l l  o c c u r r i n g  on day i ( cbm) .  
Maximum R e s e r v o i r  S i z e  
The volume Si i s  r e s t r i c t e d  i n  t h e  f o l l o w i n g  e q u a t i o n :  
'max 
= maximum s t o r a g e  c a p a c i t y  (cbm) ; 
's , i  = volume o f  r e s e r v o i r  f i l l e d  w i t h  s e d i m e n t  on  day  
i ( c b m )  . 
Sediment  D e p o s i t  ( d a i l y  b a s i s )  
where 
n  T = t r a p  e f f i c i e n c y  o f  s e d i m e n t  ( d i m e n s i o n l e s s ) ;  
P~ 
= d e n s i t y  o f s e d i m e n t  i n  r e s e r v o i r  ( t o n s / c b m ) ;  
's , i  = s e d i m e n t  l o a d  c a r r i e d  i n t o  t h e  r e s e r v o i r  d u r i n g  
day i ( t o n s ) ;  
T = development  and b e d l o a d  f a c t o r .  
The s e d i m e n t  l o a d  i s  g i v e n  i n  t h e  f o l l o w i n g  r a t i n g  c u r v e :  
The p a r a m e t e r s  a ,  b ,  nT,  pT and  B a r e  e s t i m a t e d  from o b s e r v a -  T 
t i o n s .  
THE RUNOFF GENERATION MODEL 
S i n c e  t h e  measured  d a t a  ser ies  o f  d i s c h a r g e s  w e r e  t o o  s h o r t  
t o  be t a k e n  a s  r e p r e s e n t a t i v e  f o r  c o n d i t i o n s  d u r i n g  t h e  l i f e t i m e  
of  t h e  r e s e r v o i r ,  a  g e n e r a t i o n  model was d e s i g n e d  f o r  d a i l y  
v a l u e s .  A model known from l i t e r a t u r e  i s  t h e  model from Yakowitz 
( 1 9 7 3 ) ,  s p e c i a l l y  developed f o r a r i d  and s e m i - a r i d  a r e a s .  But 
it needs  a  c o n s i d e r a b l e  amount o f  measured d a t a  which were n o t  
a v a i l a b l e ,  f o r  e s t i m a t i o n  o f  t h e  model p a r a m e t e r s ,  t o  b u i l d  a  
d a t a  g e n e r a t i o n  model. Based on i n v e s t i g a t i o n s  o f  a v a i l a b l e  
d a t a ,  a  s c h e m a t i c a l  r e c o r d  o f  d a i l y  f l o w s  o f  a  wadi i s  shown i n  
F i g u r e  1 .  The f low i n  l a r g e r  wad i s ,  c o n s i s t  o f  a  c o n t i n u o u s  
and low f low on a l l  d a y s  ( b a s e f l o w )  p l u s  a  f l o o d  peak added t o  
t h i s  base f low on days  w i t h  r a i n f a l l ,  and i n  s m a l l e r  w a d i s ,  o f  a  
f l o o d  e v e n t  o n l y  w i t h o u t  basef low.  T h e r e f o r e ,  it i s  p o s s i b l e  
t o  c o n s t r u c t  a  model which c o n s i s t s  o f  t h r e e  p a r t s :  
1 .  A g e n e r a t i o n  model f o r  t h e  sequence  o f  w e t  and d r y  
days  (days  w i t h  and w i t h o u t  f l o o d s ) .  
2 .  A g e n e r a t i o n  model f o r  t h e  magnitude o f  f l o o d s  on 
w e t  days .  
3. A model f o r  t h e  magnitude o f  t h e  b a s e f l o w  f o r  t h e  
l a r g e r  wad i s .  
Fur the rmore ,  t h e  model s u f f i c e  t h e  c o n d i t i o n  t o  r ep roduce  
t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  t o t a l  a n n u a l  i n f l o w s .  
WET OR DRY DAY D E C I S I O N  MODEL 
The p r o b a b i l i t y  on t h e  o c c u r r e n c e  o f  a  w e t  day depends 
whether  t h e  day b e f o r e  was w e t  o r  d r y .  The p r o b a b i l i t y  t h a t  a  
f l o o e  o c c u r s  t o d a y  i s  h i g h e r ,  i f  y e s t e r d a y  was a  w e t  one  and is  
s m a l l e r  i f  y e s t e r d a y  was a  d r y  one .  T h i s  b e h a v i o u r  may be de- 
s c r i b e d  by a  Markov c h a i n .  The s i m p l e s t  p r o b a b i l i t y  model o f  
t h i s  k i n d  c o n t a i n s  two p a r a m e t e r s :  
Po = p r o b a b i l i t y  t h a t  a  f l o o d  o c c u r s  i f  t h e  day b e f o r e  
was a  d r y  day;  
pi = p r o b a b i l i t y  t h a t  a  f l o o d  o c c u r s  i f  t h e  day b e f o r e  
was a  w e t  day .  
The p a r a m e t e r s  Po and Pi a r e  de te rmined  i n  such  a  manner 
t h a t  t h e  mean number o f  p u l s e s  and t h e  v a r i a n c e  o f  t h e  number 
o f  p u l s e s  i n  a  month a r e  p r e s e r v e d  ( T r e i b e r  and P l a t e ,  1 9 7 7 ) .  
Then by means o f  a  random number g e n e r a t o r ,  d r y  and w e t  d a y s  
a r e  g e n e r a t e d .  
GENERATION OF FLOOD MAGNITUDES (PULSES) 
P r e l i m i n a r y  i n v e s t i g a t i o n s  o f  t h e  a v a i l a b l e  d a t a  shows t h a t  
a  h i g h  f l o o d  is u s u a l l y  f o l l o w e d  by a  h i g h  f l o o d  and  low by a  
low one .  To r e p r o d u c e  t h e  a v a i l a b i l i t y  o f  t h e  d a t e  a s  w e l l  a s  
t h e  c o r r r e l a t i o n  be tween  n e i g h b o u r i n g  w e t  d a y s ,  t h e  f l o o d  mag- 
n i t u d e s  were g e n e r a t e d  by a  Markov-I model ,  which  was used  i n  
t w o  s t e p s :  
I n  t h e  f i r s t  s t e p ,  it was assumed t h a t  a  Markov-I p r o c e s s  
e x i s t s  c o n t i n u o u s l y ,  i . e .  t h a t  a  f l o o d  magn i tude  Y i  o c c u r r e d  on 
e a c h  day  
where p l  i s  t h e  l ag -one  c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  s u c c e e d i n g  
f l o o d  e v e n t s  and  Z i  a  random v a r i a b l e  t a k e n  f rom an  a p p r o p r i a t e  
d i s t r i b u t i o n .  I n  t h e  s e c o n d  s t e p  a l l  v a l u e s  Y i ,  which  o c c u r s  on 
d r y  days  were e l i m i n a t e d .  
The g e n e r a t i o n  o f  random v a r i a b l e  Z was done  by t h e  u s e  i 
o f  t r a n s f o r m e d  e x p o n e n t i a l  d i s t r i b u t i o n  u s i n g  t h e  f o l l o w i n g  
e q u a t i o n  : 
I n  E q u a t i o n  ( 5 ) ,  ti i s  a  random number, X t h e  p a r a m e t e r  o f  
t h e  e x p o n e n t i a l  d i s t r i b u t i o n  and  a t h e  p a r a m e t e r  o f  t h e  t r a n s f o r -  
ma t ion .  These  p a r a m e t e r s  a r e  d e t e r m i n e d  i n  s u c h  a  manner,  t h a t  
mean and  v a r i a n c e  o f  t h e  f l o o d  m a g n i t u d e s  Y i  a r e  p r e s e r v e d  
( T r e i b e r  and  P l a t e ,  1977)  . 
GENERATION OF THE BASEFLOW 
I n  w a d i s  where  a  k i n d  o f  b a s e f l o w  e x i s t s ,  it i s  n e c e s s a r y  
t o  add  a  f l o w  a l s o  on d r y  d a y s .  T h e r e f o r e ,  f o r  e a c h  month a  
maximum l e v e l  QBL was s e t  a s  shown i n  F i g u r e  1 .  The f l o w  below 
t h i s  l e v e l  i s  c a l l e d  b a s e f l o w .  Deno t ing  QL t h e  mean t o t a l  f l o w  j 
below QBL d u r i n g  t h e  month j a n d  MQ t h e  a v e r a g e  t o t a l  month ly  j 
f l ow,  and  u n d e r  t h e  a s s u m p t i o n  t h a t  t h e  b a s e f l o w  Q i s  c o n s t a n t  
B j 
w i t h i n  t h e  month j ,  i t  c a n  b e  c a l c u l a t e d  by t h e  f o l l o w i n g  
e q u a t i o n  : 
w i t h  Y i j  = P u l s e  a t  day i i n  t h e  month j .  
The V a r i a b i l i t y  o f  t h e  T o t a l  Annual Flows 
With t h e  model d e s c r i b e d  above ,  a  t o t a l  r e c o r d  o f  1000 y e a r s  
has  been g e n e r a t e d ,  whose s t a t i s t i c s  w e r e  compared w i t h  t h o s e  o f  
t h e  measured d a t a .  A comparison o f  o b s e r v e d  and c a l c u l a t e d  t o t a l  
a n n u a l  f low volumes (= y e a r l y  sums) y i e l d s  a  d i f f e r e n c e  o f  3 3  
p e r c e n t  between t h e  s t a n d a r d  d e v i a t i o n s .  T h e r e f o r e ,  t h e  model 
has  t o  be  ex tended  f o r  a  component, t o  r e p r o d u c e  t h e s e  s t a n d a r d  
d e v i a t i o n s .  
P r e l i m i n a r y  i n v e s t i g a t i o n s  o f  t h e  a v a i l a b l e  d a t a  shows t h a t  
a  r e l a t i o n s h i p  e x i s t s  o n l y  between t h e  amount o f  t h e  y e a r l y  sums 
and t h e  p u l s e s  Y i  w i t h i n  a  month, t h a t  s u g g e s t s  t h e r e  e x i s t  a  
r e l a t i o n  between t h e  amount o f  t h e  t o t a l  annua l  f low and t h e  
means mk and s t a n d a r d  d e v i a t i o n s  sk o f  t h e  months,  i . e .  between 
t h e  p a r a m e t e r s  a and A. 
To s o l v e  t h e  problem, two assumpt ions  have t o  be i n t r o d u c e d .  
A s  o n l y  f o u r  comple te  y e a r s  o f  r u n o f f  w e r e  measured,  t h e  f i r s t  
assumpt ion  was made t h a t  t h e  t o t a l  a n n u a l  f lows  a r e  lognormal ly  
d i s t r i b u t e d  w i t h  t h e  mean and s t a n d a r d  d e v i a t i o n  o f  t h e  non- 
t r ans fo rmed  v a l u e s  XMIT and oJ .  To g e t  g e n e r a l i z e d  r e s u l t s ,  
e v e r y  a n n u a l  f l o w  h a s  been  d i v i d e d  by t h e  mean XMIT, s o  t h a t  t h e  
r e s u l t i n g  v a l u e s  have a  mean o f  X M J  = 1.0  and a  s t a n d a r d  d e v i a -  
t i o n  op ,  w i t h  
o J  op = X M J  ' - XMIT c i 1 
The same p r o c e d u r e ,  t o  d i v i d e  e v e r y  d a i l y  v a l u e s  th rough  
t h e  c o r r e s p o n d i n g  monthly mean v a l u e  h a s  been done f o r  t h e  p u l s e s ,  
which y i e l d s  mean v a l u e s  mk of 1 .0  and s t a n d a r d d e v i a t i o n ~ s ~ .  
( T h i s  h a s  t o  be borne  i n  mind when t h e  g e n e r a t i o n  o f  a  d a t a  
series h a s  t o  be done . )  The second assumpt ion  i s ,  t h a t  t h e  mean 
monthly v a l u e s  o f  t h e  p u l s e s  mk a r e  lognormal ly  d i s t r i b u t e d  w i t h  
t h e  pa ramete r s  o f  t h e  y e a r l y  sums X M J  = 1.0  and ap a f t e r  equa- 
t i o n  ( 7 ) .  The s t a n d a r d  d e v i a t i o n  o f  month Sk was a t  f i r s t  
looked upon a s  a  c o n s t a n t  v a l u e .  
The s i m u l a t i o n  programme was modi f i ed  i n  a  way t h a t  a t  t h e  
s t a r t  o f  a  y e a r ,  a  lognormal ly  d i s t r i b u t e d  ( X M J  = 1.0;  a p )  sum 
XJSU was g e n e r a t e d  and t h e  XJSU was used a s  t h e  mean mk f o r  t h e  
month t o  c a l c u l a t e  w i t h  t h e  f i x e d  Sk - v a l u e s  a and A .  The 
implementa t ion  o f  t h e s e  assumpt ions  i n  t h e  g e n e r a t i o n  programme 
y i e l d s  a  s t a n d a r d  d e v i a t i o n  of  t h e  y e a r l y  sums which was l a r g e r  
t h a n  t h e  measured one ( j u s t  t h e  o p p o s i t e  e f f e c t ) .  T h e r e f o r e ,  
t h e  e f f e c t  o f  t h e  v a r i a b i l i t y  on t h e  s t a n d a r d  d e v i a t i o n s  of  t h e  
month Sk has  t o  be de te rmined .  T h i s  r e l a t i o n s h i p  may be  demon- 
s t r a t e d  by t h e  f o l l o w i n g  s t e p s :  
- g e n e r a t e  lognormal ly  d i s t r i b u t e d  v a l u e s  XJSU ( y e a r l y  
sums) w i t h  X M J  = 1.0  and ap;  
- each  v a l u e  XJSU i s  i d e n t i c a l  w i t h  t h e  mean o f  each  
month mk; 
- by t h e  u s e  o f  XJSU and Sk, c a l c u l a t e  t h e  pa ramete r s  
a and A f o r  t h e  g e n e r a t i o n  o f  t h e  f l o o d  magnitudes;  
- by a i d  o f  t h e  se t  o f  t h e  a and A v a l u e s  g e n e r a t e  n  
s e r i e s  o f  d a t a ,  which be longs  t o  a  s h i f t e d  e x p o n e n t i a l  
d i s t r i b u t i o n ;  
- t h e  mean f u n c t i o n  o f  t h e  n  series y i e l d s  a  mean v a l u e  
pt which e q u a l s  X M J  = 1.0 and a  s t a n d a r d  d e v i a t i o n  
To s o l v e  t h e  problem of  t h e  i n c r e a s i n g  s t a n d a r d  d e v i a t i o n  
i s  t o  answer t h e  q u e s t i o n ,  how t o  d i m i n i s h  Sk t o  g e t  a s  a  r e s u l t  
o f  t h e  g e n e r a t i o n  programme Sk ( s i m u l a t e d )  e q u a l  Sk (measured) .  
That  means a  f u n c t i o n a l  r e l a t i o n s h i p  between a t ,  t h e  r e s u l t i n g  
s t a n d a r d  d e v i a t i o n  of  a  month, and a  lognormal d i s t r i b u t e d  mean 
v a l u e  XM and a  f i x e d  s t a n d a r d i z a t i o n  Sk,  h a s  t o  be e s t a b l i s h e d .  
Th i s  can be e x p r e s s e d  w i t h  t h e  f o l l o w i n g  e q u a t i o n :  
The s o l u t i o n  was o b t a i n e d  by computer s i m u l a t i o n  f o r  X M J  = 1.0 
and f o r  e v e r y  ap = 0.0 u n t i l  2.0 one  hundred lognormal ly  
d i s t r i b u t e d  numbers were g e n e r a t e d .  For  e a c h  o f  t h e s e  v a l u e s  
and  f o r  Sk = 0.2  u n t i l  2.0 ( b u t  f i x e d )  120 numbers w e r e  g e n e r a t e d  
by t h e  a i d  o f  t h e  p a r a m e t e r s  a and X o f  t h e  t r a n s f o r m e d  e x p o n e n t i a l  
d i s t r i b u t i o n .  For  t h e s e  12 ,000 numbers t h e  mean XM and t h e  
s t a n d a r d  d e v i a t i o n  at were c a l c u l a t e d .  T h i s  p r o c e d u r e  w a s  re- 
p e a t e d  w i t h  9  o t h e r  s e q u e n c e s  and t h e  mean o f  t h e s e  v a l u e s  o f  
a  were p l o t t e d  i n  F i g u r e  2. t 
T h i s  g raph  may now be used ,  t o  d i m i n i s h  t h e  s t a n d a r d  dev ia -  
t i o n s  o f  t h e  months Sk s o  t h a t  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  
y e a r l y  sums at w i l l  be  r ep roduced  by t h e  g e n e r a t i o n  model. 
COMPARISON OF MEASURED AND GENERATED DATA 
Ten d a t a  series o f  r u n o f f ,  100 y e a r s  e a c h ,  w e r e  g e n e r a t e d ,  
whose s t a t i s t i c s  are compared wich t h o s e  o f  t h e  measured d a t a .  
Because o f  r e l a t i v e l y  s h o r t  l e n g t h  o f  t h e  measured d a t a  o n l y  
t h e  measured d a t a  case s e r v e  as comparison.  A compar ison  i s  
made o f  o b s e r v e d  and  c a l c u l a t e d  a n n u a l  f low y i e l d s ,  now t h a t  
t h e  mean a n n u a l  f l o w  i s  i d e n t i c a l  and t h e  s t a n d a r d  d e v i a t i o n  
d i f f e r s  less t h a n  2  p e r c e n t .  Measured and g e n e r a t e d  d a i l y  f lows  
are compared i n  F i g u r e s  3 and 4 ,  measured and  g e n e r a t e d  monthly 
f lows  i n  F i g u r e s  5 and  6 .  I n  t h e s e  f i g u r e s  t h e  measured v a l u e ,  
t h e  mean v a l u e  o f  10 hundred d a t a  series, t h e  s m a l l e s t  and t h e  
g r e a t e s t  v a l u e  o f  one  o f  a  hundred d a t a  series are p l o t t e d .  
Good agreement  i s  c o n s i d e r e d  t o  e x i s t .  Fo r  a  d e t a i l e d  d e s c r i p -  
t i o n  o f  t h e  d a t a  g e n e r a t i o n  model,  see Schmidt  and  T r e i b e r  (1979) .  
THE OPERATION RULE 
De te rmina t ion  of  t h e  I r r i g a t i o n  Area 
The number o f  h e c t a r e s  Nk f o r  a  c r o p  i n  y e a r  k  c a n  b e  cal- 
c u l a t e d  e i t h e r  by 
where S a v a i l  i s  t h e  t o t a l  q u a n t i t y  o f  water which s h o u l d  be  
a v a i l a b l e  f o r  i r r i g a t i o n  p u r p o s e  and DEMAND i s  t h e  e f f e c t i v e  
water u s e  f o r  i r r i g a t i o n  a c c o r d i n g  t o  e q u a t i o n  ( 1 0 ) .  
n 
DEMAND = 1 ETPOT G 
j=1 j 
where ETPOT is the potential evapotranspiration of a stage j and 
G is the assumed project efficiency, or is given as a fixed 
value as a result of the model of Plate and Treiber (1979). The 
value of Savail is determined by equation (11). 
Savail = S ini + 'x (11) 
where Sini is initial storage content at the beginning of the 
irrigation period and Zx is the sum of the expected total monthly 
inflows during the forecasting range. Investigations have shown 
that the values of Zx are gamma-distributed and x is therefore 
the level of the chosen probability which should be exceeding 
x percent in all cases. A better alternative would be to cal- 
culate the area to be planted every year on the basis of a deci- 
sion analysis, but such a calculation is beyond the scope of 
this paper. 
THE FORECASTING METHOD 
Once the size of the irrigation area has been decided, the 
question arise how to operate the reservoir to get the highest 
yield [tons] from the irrigation area. Because of the irregular 
nature of the inflows, no traditional forecasting technique can 
be used. Therefore the method described in this paper, approaches 
the problem in a different way consisting of the following three 
steps: 
1. Development of a data generation model for arid rivers 
(see previous chapters) . 
2. Development of a mathematical model of a water resources 
system and simulation of its operation over a long 
trace of synthetic inflows (simulation coupled with 
a mathematical programming technique). 
3. Statistical analysis of the results of the simulation- 
optimization computations and identification of the 
optimal operation rule for the reservoir system. 
T h i s  i m p l i c i t  s t o c h a s t i c  a p p r o a c h  was u s e d  by K i n d l e r  ( 1977 )  
t o  d e t e r m i n e  t h e  o p e r a t i o n  r u l e s  f o r  a  s y s t e m  o f  s t o r a g e  reser- 
v o i r s .  
SIMULATION-OPTIMIZATION MODEL 
S e v e r a l  r e s e a r c h e s  h a v e  b e e n  done  t o  d e v e l o p  t h e  o p t i m a l  
i r r i g a t i o n  s t r a t e g y  ( F l i n n  and  Musgrave,  1967;  H a l l  a n d  B u t c h e r ,  
1968; Dudley ,  1 9 6 9 ) .  The main  s c o p e  o f  t h e  model ,  however ,  w a s  
on t h e  i r r i g a t i o n  management.  T h e r e f o r e ,  f o r  example ,  t h e  
i n t e g r a t i o n  o f  t h e  f u t u r e  i n f l o w s  i n  t h e  r e s e r v o i r s  w a s  done  by 
mean mon th ly  i n f l o w s  (Dud ley ,  1 9 6 9 ) .  F u r t h e r m o r e ,  t h e  y i e l d  
model u s e d  b y  them i s  v e r y  rough .  T h e r e f o r e  a s i m u l a t i o n  model 
s h o u l d  b e  u s e d  t o  o b t a i n  b e t t e r  r e s u l t s ,  wh ich  a d d i t i o n a l l y  
a c c o u n t s  f o r  r e s e r v o i r  s e d i m e n t a t i o n  a n d  r e s e r v o i r  e v a p o r a t i o n  
( b e c a u s e  o f  d a i l y  i n f l o w s ) ,  and  which  i n c o r p o r a t e  a model f o r  
c a l c u l a t i n g  t h e  s o i l  m o i s t u r e ,  and  as a c o n s e q u e n c e  a d a t e d  
p r o d u c t i o n  f u n c t i o n  w h i c h  p a y s  a t t e n t i o n  t o  stress s u s c e p t i b i l i t y  
o f  t h e  p l a n t  d u r i n g  t h e  g rowing  p e r i o d .  
THE OPTIMIZATION MODEL 
The o p t i m i z a t i o n  t e c h n i q u e  a p p l i e d  t o  s o l v e  t h e  p r o b l e m  i s  
backward  Dynamic Programming. D i v i d i n g  t h e  i r r i g a t i o n  s e a s o n  i n  
n  s t a g e s ,  wh ich  mus t  n o t  h a v e  a l l  t h e  same l e n g t h ,  two s t a t e  
v a r i a b l e s ,  r e s e r v o i r  c o n t e n t  and  a v a i l a b l e  s o i l  m o i s t u r e  a t  
t h e  b e g i n n i n g  o f  e a c h  s t a g e ,  and  o n e  d e c i s i o n  v a r i a b l e ,  t h e  
q u a n t i t y  o f  i r r i g a t i o n  water which  s h o u l d  b e  a p p l i e d ,  may b e  
i d e n t i f i e d .  T h a t  means it i s  n e c e s s a r y  t o  d e s c r i b e  t h e  reser- 
v o i r  s y s t e m  and  t h e  s o i l  r eg ime .  
R e s e r v o i r  Sys t em 
The s t a t e  t r a n s i t i o n  i s  g i v e n  t h r o u g h  t h e  f o l l o w i n g  equa-  
t i o n :  
S  = S  j j- l  + Qj - E - D - SPILL j j j 
c o n s t r a i n t  
S s ~ ~  w h e r e ,  
SPILL j 
'max 
Ss ,p - l  
= r e s e r v o i r  c o n t e n t  a t  t h e  b e g i n n i n g  o f  s t a g e  j ;  
= i n f l o w  d u r i n g  t h e  s t a g e  j ;  
= e v a p o r a t i o n  l o s s e s  o f  t h e  r e s e r v o i r  d u r i n g  s t a g e  j 
( f u n c t i o n  o f  t h e  r e s e r v o i r  s e d i m e n t a t i o n ) ;  
= d e c i s i o n  v a r i a b l e ,  depend ing  on t h e  a v a i l a b l e  s o i l  
m o i s t u r e  o f  t h e  i r r i g a t i o n  a r e a ;  
= s p i l l  volume d u r i n g  s t a g e  j ;  
= maximum s t o r a g e  c a p a c i t y ;  
= volume o f  r e s e r v o i r  f i l l e d  w i t h  s e d i m e n t  a t  t h e  
b e g i n n i n g  o f  s t a g e  j ( t h e  a s sumpt ion  was made, 
t h a t  t h e  r e s e r v o i r  s e d i m e n t a t i o n  d u r i n g  one  y e a r  
i s  n e g l i g i b l e  and c o u l d  b e  added  a s  a  whole a t  
t h e  end  o f  t h e  y e a r ) ;  
= number o f  s t a g e s .  
The S o i l  Regime 
The s t a t e  t r a n s i t i o n  y i e l d s  e q u a t i o n  ( 1  3) ( v a l u e s  p e r  
h e c t a r e  i r r i g a t i o n  a r e a )  : 
c o n s t r a i n t  t o  
PWP ,( BF. ,( FC , 3 
where 
BF = a v a i l a b l e  s o i l  m o i s t u r e  a t  t h e  b e g i n n i n g  o f  s t a g e  j ;  j-1 
IR j  = i r r i g a t i o n  q u a n t i t y  d u r i n g  s t a g e  j ;  
Wa j = w a t e r  u s e  o f  t h e  c r o p  d u r i n g  s t a g e  j  ( c a l c u l a t e d  
on a  d a i l y  b a s i s ) ;  
PWB = permanent  w i l t i n g  p o i n t ;  
FC = f i e l d  c a p a c i t y .  
The r e l a t i o n  between t h e  two b r a n c h e s  o f  t h e  s y s t e m  i s  
g i v e n  t h r o u g h  t h e  f o l l o w i n g  e q u a t i o n :  
c o n s t r a i n t  t o  
IRmin < I R ~  < ( s ~ - ~  j  j  - E - S p i l l  + Q j ) / ( A R ~ ~  G) , 
where 
AREA = s i z e  o f  t h e  i r r i g a t i o n  a r e a ;  
IRmin = i r r i g a t i o n  q u a n t i t y  which s h o u l d  b e  g i v e n  w i t h i n  
a  growth  s t a g e  t o  a v o i d  w i l t i n g .  
The s t a g e  r e t u r n  i s  e x p r e s s e d  t h r o u g h  e q u a t i o n  ( 1 5 )  
where 
Y = r e t u r n  o b t a i n e d  from a  j  s t a g e  p r o c e s s  when s t a r t i n g  j  
w i t h  s p e c i f i c  v a l u e s  S  and BF - ; j - 1  
o  = m a t h e m a t i c a l  o p e r a t o r  ( e . g .  + o r  x ) .  
The v a r i a b l e  which i s  unknown u n t i l  now i s  t h e  s o i l  m o i s t u r e  
a v a i l a b l e  i n  t h e  r o o t  zone  which knowledge a l l o w s  t h e  c a l c u l a -  
t i o n  o f  t h e  i r r i g a t i o n  q u a n t i t y  t o  be  a p p l i e d  and  f u r t h e r m o r e ,  
t o  c a l c u l a t e  t h e  a c t u a l  d a i l y  e v a p o t r a n s p i r a t i o n  and  hence  t o  
e s t a b l i s h  t h e  r e s u l t i n g  y i e l d  o f  t h e  i r r i g a t i o n  a r e a .  
THE SOIL MOISTURE PlODEL 
Much r e s e a r c h  h a s  been  done  t o  e x p l a i n  t h e  r e l a t i o n s h i p  
between t h e  a t m o s p h e r i c  demand, p l a n t ,  b e h a v i o u r ,  a v a i l a b l e  s o i l  
m o i s t u r e  and y i e l d .  The main problem seems t o  i d e n t i f y  a  r e l a -  
t i o n s h i p  between a c t u a l  e v a p o t r a n s p i r a t i o n  ETA and  a v a i l a b l e  
s o i l  m o i s t u r e  SM i n  t h e  r o o t  zone .  Because  no measured d a t a  
a r e  a v a i l a b l e  t h e  f o l l o w i n g  p r o c e d u r e  i s  proposed .  
The p o t e n t i a l  e v a p o t r a n s p i r a t i o n  ETPOT w i t h i n  one  s t a g e  
was c a l c u l a t e d  by t h e  B l a n e y - C r i d d l e  (1950)  method, a s  recom- 
mended by t h e  a g r i c u l t u r a l  c o n s u l t a n t s  i n  t h e  f i e l d .  The appro-  
p r i a t e  v a l u e s  w e r e  u s e d  a s  d a i l y  v a l u e s .  To e s t a b l i s h  t h e  r e l a -  
t i o n  between ETPOT, ETA and  SM, a  p r o c e d u r e  p roposed  by Minhas,  
e t  a l .  (1975)  was a d o p t e d .  The f u n c t i o n a l  r e l a t i o n s h i p  i s  g i v e n  
t h r o u g h  e q u a t i o n  ( 16)  
ETA = f  (SM) , ETPOT 
w h e r e  SM i s  i n  t h e  r a n g e  b e t w e e n  FC a n d  PWP. T h e r e  a r e  s e v e r a l  
c u r v e s  o n  t h e  b e h a v i o u r  o f  SM p r e s e n t e d  i n  t h e  l i t e r a t u r e .  W e  
s e l e c t e d  o n e  o f  t h o s e  by t h e  a i d  o f  a g r i c u l t u r a l  c o n s u l t a n t s .  
A f t e r  M i n h a s ,  e t  a l .  ETA i s  c a l c u l a t e d  as  a f u n c t i o n  o f  ETPOT 
a n d  t h e  a v a i l a b l e  s o i l  m o i s t u r e  ( s M ~ , S M ~ )  a t  t w o  d i f f e r e n t  t i ~ e  
p o i n t s  t o f t l  by s o l u t i o n  o f  t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n :  
- -  dsM - ETPOT ( t )  
dT 
w i t h  t h e  k n o w l e d g e  o f  ETA, t h e  h a r v e s t a b l e  y i e l d  p e r  u n i t  water 
c a n  b e  c a l c u l a t e d ,  b e c a u s e  t h e r e  are t w o  o r  more h a r v e s t s  p o s -  
s i b l e ,  a  g r a i n  y i e l d  mode l  a n d  a model  w h i c h  c a l c u l a t e s  t h e  d r y  
m a t t e r  y i e l d  as a number  f o r  f o d d e r  c r o p s  h a v e  t o  b e  u s e d .  
THE GOAL FUNCTION 
A number o f  a t t e m p t s  h a v e  b e e n  made t o  d e r i v e  p r o d u c t i o n  
f u n c t i o n s  f o r  d i f f e r e n t  c r o p s .  B r o a d l y  s p e a k i n g ,  t h e r e  i s  a 
c lear  l i n e  o f  e v o l u t i o n  i n  t h e  l i t e r a t u r e ,  f r o m  t h e  s i m p l e  con-  
c e p t  o f  a f i x e d  water r e q u i r e m e n t  t o  c o m p l e x  p r o d u c t i o n  a n d  
a l l o c a t i o n  m o d e l s .  F o r  t h e  p u r p o s e  o f  t h i s  s t u d y ,  h o w e v e r ,  it 
i s  e s s e n t i a l  t o  h a v e  a r e c o r d e d  p r o d u c t i o n  f u n c t i o n  c a p a b l e  o f  
e s t i m a t i n g  t h e  l e v e l  o f  c r o p  y i e l d s  u n d e r  a n y  i r r i g a t i o n  p r a c t i c e ,  
g i v e n  t h e  m a g n i t u d e  o f  t h e  d e f i c i t s  a n d  t h e  t i m e  o f  t h e i r  o c c u r -  
r e n c e  w i t h i n  t h e  g r o w t h  c y c l e ,  d i v i d e d  i n t o  a number  ( m )  o f  
p h y s i o l o g i c a l  m e a n i n g f u l  s t a g e s .  J e n s e n  ( 1 9 6 8 )  d e r i v e d  t h e  
f o l l o w i n g  m u l t i p l i c a t i v e  e x p r e s s i o n  w h i c h  i s  w e l l - s u i t e d  t o  t h i s  
t y p e  o f  a n a l y s i s :  
w h e r e  
y / y o  = a c t u a l  y ie ld /max imum y i e l d  i f  t h e  s o i l  m o i s t u r e  i s  
n o t  l i m i t e d ;  
= r e l a t i v e  s e n s i t i v i t y  of t h e  c r o p  t o  water stress 
d u r i n g  t h e  j - t h  s t a g e  o f  g r o w t h ;  
Wa/Wo = n e t  water u s e / u s e  o f  water i f  s o i l  m o i s t u r e  i s  n o t  
1 i m i  t e d .  
T h a t  means Wa i s  t h e  sum o f  t h e  d a i l y v a l u e s  o f  ETA w i t h i n  t h e  
s t a g e  j .  
T h i s  e x p r e s s i o n  i s  f o r  d e t e r m i n i n g  c r o p s ,  s u c h  a s  g r a i n s ,  
which have  a  s p e c i f i c  p e r i o d  o f  f l o w e r i n g .  F u r t h e r m o r e ,  it i s  
v a l i d  i n  t h e  case o f  l i m i t e d  s o i l  m o i s t u r e  p r o v i d e d  o t h e r  f a c -  
t o r s ,  such  a s  p l a n t  n u t r i e n t s  a r e  n o t  a c o n s t r a i n t  and  y i e l d  
is  n o t  o t h e r w i s e  r educed  ( e . g .  by p e s t s  and  d i s e a s e s ) .  I t  d o e s ,  
however, make t h e  s i m p l i f y i n g  a s s u m p t i o n  t h a t  t h e  w a t e r  i n p u t  
c a n  be c o n s i d e r e d  i n  i s o l a t i o n  f rom o t h e r  i n p u t s  and c o n s t r a i n t .  
The u s e f u l n e s s  o f  t h e  a p p r o a c h  depends  on t h e  a c c u r a c y  w i t h  
which t h e  X v a l u e s  a r e  d e t e r m i n e d .  A t e c h n i q u e  w a s  deve loped  j 
by N a i z i r i  and  Rydzewski (1977)  t o  o b t a i n  t h e s e  v a l u e s  f o r  a  
number o f  c r o p s  f rom p u b l i s h e d  e x p e r i m e n t a l  d a t a .  
F o r  i n d e t e r m i n a t e  c r o p s ,  such  a s  g r a s s e s ,  which have  no 
s p e c i f i c  f l o w e r i n g  p e r i o d ,  it is  a  common p r a c t i c e  t o  u s e  a  
summation-type r e l a t i o n .  F o r  t h e  c a l c u l a t i o n  o f  d r y  matter 
y i e l d ,  t h e  f o l l o w i n g  r e l a t i o n  was i n t r o d u c e d  which  i s  based  on 
t h e  r e s u l t s  g i v e n  by t h e  FA0 (1  975) . 
where Wmax i s  t h e  c u m u l a t i v e  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  o f  t h e  
growing p e r i o d ,  c o n s i s t i n g  o f  R s t a g e s  and  y/yo i s  t h e  a c t u a l ,  
r e s p e c t i v e l y ,  t h e  maximum y i e l d  i f  t h e  s o i l  m o i s t u r e  i s  n o t  
l i m i t e d .  With t h e s e  two models  and  by a i d  o f  t h e  w e i g h t i n g  f a c -  
t o r s  Pk ,  which a l l o w s  a  compar ison  between g r a i n  and  d r y  matter 
y i e l d ,  t h e  g o a l  f u n c t i o n  f o r  t h e  two c r o p s  c a n  be  f o r m u l a t e d .  
w i t h  P ,  and P2 a s  t h e  u n i t  v a l u e s  f o r  t h e  n e t  r e t u r n  on w a t e r  
f o r  g r a i n  and  d r y  m a t t e r  y i e l d .  
With a l l  t h e  models d e s c r i b e d  above it i s  p o s s i b l e  t o  c a l -  
c u l a t e  t h e  r e s e r v o i r  r e l e a s e s  dynamica l ly  a c c o r d i n g  t o  w a t e r  
demand and i n f l o w  s i t u a t i o n .  The r e s u l t i n g  y i e l d  o f  t h e  i r r i g a -  
t i o n  a r e a  is  o p t i m a l  p e r  u n i t  w a t e r ,  t h e  l i m i t i n g  f a c t o r .  I f  w e  
do t h e  o p t i m i z a t i o n  i n  a  long- term r u n  ( r  y e a r s )  w e  g e t  r o p t i m a l  
y i e l d s .  A s  a  second r e s u l t  o f  t h e  o p t i m i z a t i o n  computa t ions ,  a  
set  of  o p t i m a l  c o n t r o l  v e c t o r s  S  f i n a l  s t o r a g e  volumes, a r e  1 , 
o b t a i n e d  f o r  each  o f  t h e s e  s t a g e s .  
E s t a b l i s h i n g  t h e  O p e r a t i o n a l  Ru les  o f  , t h e  System 
I n  t h e  method p r e s e n t e d  above t h e  d e c i s i o n  maker h a s  a  
p e r f e c t  knowledge o f  t h e  f u t u r e  i n f l o w s ,  t h a t  means he  h a s  t h e  
p e r f e c t  f o r e c a s t .  To r e c e i v e  a  r e l i a b l e  f o r e c a s t  o f  t h i s  i n f l o w s ,  
and f u r t h e r m o r e  t o  e s t a b l i s h  t h e  o p e r a t i o n  r u l e  o f  t h e  r e s e r v o i r ,  
a  l i n e a r  r e g r e s s i o n  a n a l y s i s  based  on t h e  o p t i m a l  c o n t r o l  v e c t o r s  
S .  was used .  T h a t  means f o r  e a c h  s t a g e  j o f  t h e  annua l  growing 
I 
p e r i o d ,  a  m u l t i p l e  r e g r e s s i o n  was assumed t o  e x i s t  between t h e  
f o l l o w i n g  pa ramete r s :  
where ao,  a l  and a 2  a r e  t h e  r e g r e s s i o n  c o e f f i c i e n t s .  
As Q j  "Or- 
mal ly  i s  n o t  p r e d i c t a b l e ,  t h e  mean monthly i n f l o w s  were r e p l a c e d  
i n  t h e  o p e r a t i o n  sys tem.  The se t  o f  r e g r e s s i o n  e q u a t i o n s  con- 
s t i t ~ t e  t h e  o p e r a t i o n  t h a t  s e c u r e  long- term o p t i m a l i t y  o f  t h e  
r e s e r v o i r  o p e r a t i o n .  With t h e  known r e s e r v o i r  c o n t e n t  a t  t h e  
beg inn ing  o f  a  s t a g e  S j - l ,  t h e  r e g r e s s i o n  c o e f f i c i e n t s  and t h e  
mean monthly i n f l o w ,  S can be c a l c u l a t e d .  The d i f f e r e n c e  j 
between S  and S j j-1 i s  t h e  q u a n t i t y  o f  w a t e r  which s h o u l d  b e  
a p p l i e d  ( o r  n o t )  f o r  i r r i g a t i o n  purpose .  
The A p p l i c a t i o n  o f  t h e  Model 
The method p r e s e n t e d  above c o u l d  be a p p l i e d  t o  a  s i n g l e  
purpose  r e s e r v o i r  i n  a  n e a r - e a s t  c o u n t r y .  For  purpose  o f  demon- 
s t r a t i o n ,  some assumpt ion  w i l l  be done i n  t h i s  p a p e r .  A more 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  implementa t ion  o f  t h e  model i n  a  
r e a l  world s e t t i n g  w i l l  be  g i v e n  i n  f u t u r e .  But  n e v e r t h e l e s s ,  
f o r  t h e  a i m  o f  d e m o n s t r a t i o n  t h e  a p p l i c a t i o n  g i v e n  below shows 
t h e  p r a c t i c a b i l i t y  o f  t h e  method i t s e l f .  The a s s u m p t i o n s  are: 
- The o n l y  i n v e s t i g a t e d  c r o p  i s  g r a i n  sorghum. 
- Two c r o p s  c a n  be h a r v e s t e d  ( g r a i n  + f o d d e r ) .  
- The growing  c y c l e  c o n s i s t  o f  6 s t a g e s  (month ly  
b a s i s ,  3 months f o r  g r a i n  p r o d u c i n g ,  and  3 f o r  f o d d e r  
c r o p ) .  
- The s u s c e p t i b i l i t y  f a c t o r s  f o r  t h e  g r a i n  y i e l d  w e r e  
u s e d w i t h  X = 0 . 5 ,  X = 1 . 5 ,  and X = 0 . 5  a c c o r d i n g  
t o  t h e  three-month  p e r i o d  ( i n  a  l a t e r  case o f  r e s e a r c h  
work more a c c u r a t e  v a l u e s  w i l l  be u s e d ) .  
With t h e s e  a s s u m p t i o n s  t h e  f o l l o w i n g  computer  model can  be  
e s t a b l i s h e d  i n  F i g u r e  7. There  a r e  two models  f o r  g e n e r a t i n g  
and  c a l c u l a t i n g  t h e  i n p u t  d a t a .  The model QSYE g e n e r a t e  a 
sequence  o f  d a i l y  r u n o f f  v a l u e s  w i t h  c o n s i d e r a t i o n  o f  r e p r o d u c i n g  
t h e  v a r i a b i l i t y  o f  t h e  y e a r l y  sums. The model SOPLAT e s t i m a t e s  
t h e  s o i l  m o i s t u r e  v a l u e s  w i t h i n  o n e  s t a g e ,  when t h e  b e g i n n i n g  
s o i l  m o i s t u r e  c o n t e n t  a t  s t a g e  j h a s  a  f i x e d  v a l u e  and a  stress 
o f  t h e  p l a n t  ( a c t u a l  e v a p o t r a n s p i r a t i o n  i s  less t h a n  t h e  poten-  
t i a l  one )  u n d e r  c o n s i d e r a t i o n  o f  t h e  p r i n c i p l e  t h a t  two s h o r t e r  
stresses l e a d  t o  less y i e l d  r e d u c t i o n  t h a n  a  s i n g l e  l o n g e r  one .  
The model DASSA computes f o r  a  g i v e n  i r r i g a t i o n  a r e a  t h e  o p t i m a l  
o p e r a t i o n  o f  t h e  r e s e r v o i r .  T h e r e  a r e  t h r e e  main s u b r o u t i n e s  
used  i n  DASSA. The f i r s t  o n e ,  SPUEBG, computes f o r  o n e  y e a r  t h e  
r e s e r v o i r  and  t h e  s o i l  sys t em,  t h a t  means t h e  t r a n s i t i o n s  o f  t h e  
r e s e r v o i r  c o n t e n t s  and  t h e  b e h a v i o u r  o f  s o i l  m o i s t u r e  w i t h i n  
t h i s  s t a g e  i f  t h e  s o i l  m o i s t u r e  c o n t e n t  a t  t h e  b e g i n n i n g  o f  a  
s t a g e  h a s  a  f i x e d  v a l u e  , a c c o r d i n g  t o  Dynamic Programming t ech -  
n i q u e .  . The second  o n e ,  DUNST, g e n e r a t e s  t h e  e v a p o r a t i o n  l o s s e s  
of  t h e  r e s e r v o i r  a s  a consequence  o f  t h e  p o l i c y  o f  SPUEBG, and 
w i t h  t h e  s u b r o u t i n e  YIELD, t h e  r e s u l t i n g  o p t i m a l  y i e l d  f o r  t h e  
two c r o p s  i s  c a l c u l a t e d .  I f  DASSA i s  r u n  f o r  a f i x e d  a r e a  and 
w i t h ,  e . g .  50 y e a r s  g e n e r a t e d  d a t a  series,  r r e s e r v o i r  c o n t e n t s  
f o r  e a c h  o f  t h e  n  = 6 s t a g e s  a r e  r e c e i v e d .  F o r  t h i s  set  o f  
r x  n  v a l u e s ,  a  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  h a s  been  done by 
a i d  o f  t h e  model MULREG which y i e l d s  t h e  r e g r e s s i o n  c o e f f i c i e n t s  
a s  a  f u n c t i o n  o f  t h e  s i z e  o f  a r e a  which a r e  looked  upon a s  f o r e -  
c a s t i n g  v a l u e s .  These  c o e f f i c i e n t s  c a n  be  used  f o r  t h e  a c t u a l  
r e s e r v o i r  i r r i g a t i o n  s y s t e m ,  which means a  mode lwhich  u s e  t h e  
f o r e c a s t i n g  v a l u e s  t o  o p e r a t e  t h e  r e s e r v o i r  and  t o  c a l c u l a t e  t h e  
b e h a v i o u r  o f  t h e  i r r i g a t i o n  a r e a  on  a  d a i l y  b a s i s .  F o r  t h e  pur -  
p o s e  o f  d e m o n s t r a t i o n  t h e  same 50 y e a r s  o f  g e n e r a t e d  r u n o f f  d a t a  
w e r e  u sed .  T h i s  model ,  c a l l e d  SPSIM o p e r a t e s  i n  t h e  f o l l o w i n g  
way. 
A f t e r  r e a d i n g  i n  a l l  t h e  n e c e s s a r y  d a t a ,  t h e  s i m u l a t i o n  r u n s  
a r e  s t a r t e d .  One r u n  c o n s i s t s  o f  two s t e p s .  I n  t h e  f i r s t  s t e p  
t h e  i n f l o w s  i n  t h e  r e s e r v o i r  a r e  s t o r e d  unde r  c o n s i d e r a t i o n  o f  
t h e  s e d i m e n t a t i o n  p r o c e s s  and  e v a p o r a t i o n  l o s s e s .  A t  t h e  end  
o f  t h i s  p e r i o d ,  by u s e  o f  t h e  r e s e r v o i r  c o n t e n t  and  w i t h  t h e  
e x p e c t e d  month ly  t o t a l  i n f l o w s  i n  t h e  f u t u r e ,  t h a t  means t h e  
l e v e l  o f  t h e  chosen  p r o b a b i l i t y ,  t h e  s i z e  o f  t h e  i r r i g a t i o n  a r e a  
i s  de te rmined .  With t h e  knowledge o f  t h e  s i z e  o f  a r e a  t h e  f o r e -  
c a s t  v a l u e s  c a n  be  j o i n e d ,  which means, t h e  a p p r o p r i a t e  s e t  o f  
r e g r e s s i o n  c o e f f i c i e n t s  can  be  a d o p t e d .  With t h e s e  v a l u e s  t h e  
r e s e r v o i r  and i r r i g a t i o n  s y s t e m  can  be  o p e r a t e d ,  by c o n t r o l l i n g  
t h e  a v a i l a b l e  s o i l  m o i s t u r e .  When t h e  i r r i g a t i o n  s e a s o n  h a s  
f i n i s h e d ,  t h e  r e s u l t i n g  y i e l d  o f  t h e  a r e a  w i l l  be  c a l c u l a t e d .  
R e p e a t i n g  t h i s  p r o c e d u r e  f o r  a l l  t h e  r y e a r s  o f  e x p e c t e d  p r o j e c t  
l i f e ,  t h e  t o t a l  y i e l d  o f  t h e  l o n g - t e r m  r u n  can  b e  r e c e i v e d .  
F o r  t h e  p u r p o s e  o f  d e m o n s t r a t i o n  t h i s  s i m u l a t i o n  model was 
r u n  o v e r  50 y e a r s .  Every  y e a r  t h e  p l a n t e d  a r e a  was d e t e r m i n e d  
by t h e  f i r s t  method d e s c r i b e d  i n  a  p r e v i o u s  c h a p t e r .  The prob-  
a b i l i t y  l e v e l  x  was chosen  a r b i t r a r i l y  as 20 p e r c e n t .  With t h e  
same sequence  o f  t h e  e s t i m a t e d  a r e a s  t h e  o p t i m i z a t i o n  model 
DASSA w a s  r u n .  F o r  b o t h  s i m u l a t i o n  r u n s  t h e  c u m u l a t i v e  t o t a l  
y i e l d  was computed a c c o r d i n g  t o  e q u a t i o n  ( 2 2 ) .  
y  = 1 ( Z / Z O ) ~  AREA P  I p= 1 
where (Z/Zo) i s  t h e  r e l a t i v e  y i e l d  o f  a  y e a r  and  AREA i s  t h e  
P  
i r r i g a t e d  a r e a  o f  t h i s  y e a r .  F o r  p = r and f o r  t h e  r e s u l t s  o f  
DASSA t h e  maximum p o s s i b l e  y i e l d  ymax i s  g i v e n .  I n  a  g r a p h i c a l  
compar ison  t h e  r e l a t i v e l y  c u m u l a t i v e  t o t a l  y i e l d s  y/yma, a r e  
p l o t t e d  i n  F i g u r e  8. V a r i a n t  ( 1 )  i s  t h e  r e l a t i v e  y i e l d  i f  DASSA 
h a s  been r u n .  T h a t  means,  t h e  sys t em o p e r a t o r  h a s  a  p e r f e c t  
knowledge o f  i n f l o w s .  V a r i a n t  ( 2 )  shows t h e  c u m u l a t i v e  r e l a t i v e  
y i e l d  a s  a  r e s u l t  o f  t h e  s i m u l a t i o n  r u n  by SPSIM, t h a t  means 
t h e  sys t em o p e r a t o r  u s e s  t h e  c a s e  g i v e n  above  by t h e  i m p l i c i t  
s t o c h a s t i c  approach .  
CONCLUS I O N  
A set  o f  m a t h e m a t i c a l  models  and computer  programs was 
deve loped  t o  d e t e r m i n e  t h e  optimum o p e r a t i o n  r u l e  o f  a  s t o r a g e  
r e s e r v o i r  s u p p l y i n g  a n  i r r i g a t e d  a r e a .  The i m p l i c i t  s t o c h a s t i c  
o p t i m i z a t i o n  by combining  d a t a  g e n e r a t i o n  o f  t h e  i n f l o w s ,  s imula -  
t i o n  w i t h  o p t i m i z a t i o n  and r e g r e s s i o n  a n a l y s i s  seems t o  be a  
v a l u a b l e  t e c h n i q u e  f o r  t h e  s o l u t i o n  o f  s u c h  problems.  Resea rch  
s h o u l d  go on  i n  e s t i m a t i n g  t h e  a n n u a l  c r o p p i n g  a r e a  b a s e d  o n  a  
d e c i s i o n  a n a l y s i s ,  and c o s t s  and  b e n e f i t s  o f  s u c h  a  p r o j e c t  
s h o u l d  b e  i n t e g r a t e d  i n  t h e  model.  F u r t h e r m o r e ,  t h e  e f f e c t  o f  
d i f f e r e n t  p r o j e c t  e f f i c i e n c i e s ,  on  t h e  t o t a l  y i e l d  s h o u l d  be 
i n v e s t i g a t e d .  
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Figure 1. Schematical run-off record  
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Figure  3. Means o f  d a i l y  flows 
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Figure 5. Means of w n t h l y  flows 
Figure  2.  Functional behaviour of the  
Increas ing  s tandard  devia t ion  
Figure  4. Standard  dev i a t i ons  of d a i l y  flows 
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Figure 6. S w d a r d  dev i a t i ons  of  m n t h l y  flows 
Frgure 7. The computer w d e l s  f o r  t he  
determination o f  r he  opera t ion  r u l e s  
Figure  8. Cumulative r e l a t i v e  t o t a l  y i e l d  
(s imula t ion  f o r  50 years)  
